Polarization control using single plasmonic nanoantennas is of interest for subwavelength optical components in nano-optical circuits and metasurfaces. Here, we investigate the role of two mechanisms for polarization conversion by plasmonic antennas: Structural asymmetry and plasmon hybridization through strong coupling. As a model system we investigate L-shaped antennas consisting of two orthogonal nanorods which lengths and coupling strength can be independently controlled. An analytical model based on field susceptibilities is developed to extract key parameters and to address the influence of antenna morphology and excitation wavelength on polarization conversion efficiency and scattering intensities. Optical spectroscopy experiments performed on individual antennas, further supported by electrodynamical simulations based on the Green Dyadic Method, confirm the trends extracted from the analytical model. Mode hybridization and structural asymmetry allow addressing different input polarizations and wavelengths, providing additional degrees of freedom for agile polarization conversion in nanophotonic devices.
The use of small antenna elements in controlling electromagnetic waves has taken flight with many applications in nanophotonics such as surface enhanced spectroscopy, control of single-molecule emission, enhanced nonlinear optics and optical trapping. Next to single-antennas, their arrangement in metasurfaces has led to many new applications in flat optics, holograms, and nanoscale structural coloring. These devices rely on plasmonic and dielectric nanophotonic elements capable of precisely tailoring the near-field and far-field response, including polarization, magnetic resonances, and chirality. As one of the most elementary examples of nanoantennas, dimers consisting of two closely coupled nanoparticles are of interest to investigate fundamental principles underlying the response of more general composite nanostructures [1] [2] [3] . Apart from metallic nanostructures, recently also non-plasmonic dielectric particles turned out to offer an interesting alternative platform with remarkably low losses 4, 5 . Due to their stronger polarizability, plasmonic particles are nevertheless the first choice as it comes to polarization conversion applications. Recently, dimer nano-antennas in an orthogonal configuration have been investigated in the context of polarization conversion applications [6] [7] [8] , energy transfer 9 , metasurfaces [10] [11] [12] , and nonlinear light emission 13 . Contrary to linear dimers, L-shaped nanostructures support two bright plasmon modes which are orthogonally polarized when the two antenna arms are of equal lengths. The possibility of exciting a coherent superposition of these orthogonally polarized eigenmodes allows to control the scattering from these antennas. For instance, the polarization of the light scattered by L-shaped antennas consisting of two nanorods of equal length can be adjusted via a proper choice of the antenna morphology or excitation wavelength. In particular, optimal polarization conversion can be obtained in the spectral range between the antenna eigenmodes when the latter are excited with the appropriate phase and amplitude 6 . Systematic experiments have further shown that this process only depends upon the spectral splitting between the antenna eigenmodes in good agreement with a two-oscillator model. In the case of capacitively coupled dimer antennas, the coupling between the antenna arms and therefore the spectral splitting between its eigenmodes can be tuned through the gap width 3 . Next to disconnected dimer antennas, connected V-shaped and L-shaped antennas have also been investigated in several experimental and theoretical works 10, [14] [15] [16] [17] [18] [19] [20] . In this work, we investigate polarization conversion (PC) by orthogonal dimer nano-antennas consisting of two nanorods of unequal length. We address the influence of asymmetry, gap spacing and excitation wavelength on polarization conversion. In the first section, we describe PC in L-shaped dimer antennas with an analytical model based on field susceptibilities. In the second section, the linear optical spectra and polarization conversion properties are investigated using single particle optical spectroscopy and the experimental results are compared to extensive numerical modeling using the Green Dyadic Method.
Polarization conversion in L-shaped antennas: an analytical model
The optical response of orthogonal nano-antennas is calculated using an analytical approach following earlier studies on coupled plasmonic antennas [21] [22] [23] [24] [25] [26] . Figure 1a shows the investigated nanostructure which consists of two identical gold nano-antennas orthogonal to each other, one aligned along (OX) and the other along (OY). We assume that the particles are much smaller than the optical wavelength and use the quasi-static approximation throughout this section. In short, the two antennas are described as Lorentzian oscillators which are coupled via near-field dipole-dipole coupling. By inverting the coupling matrix a solution is obtained for the collective modes of the coupled system.
An optical excitation of the nano-antennas will polarize each antenna arm. In the quasi-static approximation, this induced polarization can be described by a single dipole moment. For instance, for particle (1), we have:
where P 1 (r 1 , ω) is the dipole induced in particle (1) and E 1 (r 1 , ω) is the total electric field in the same particle. α 1 (ω) is the polarizability tensor of particle (1) . The latter can be obtained from a numerical fit of the experimental spectra of individual nanoparticles (or antennas with large gaps) or from analytical formulas in simple cases such as ellipsoids or spheres. In the following, we assume that each component of the polarizability tensor has a lorentzian profile and that the width of all optical resonances has the same value γ. It is well-known that elongated plasmonic particles support two plasmon resonances called longitudinal and transverse which are selectively excited for an incident optical excitation polarized, respectively, along their long and short axis. In the following, we however do not take into account the transverse plasmon resonance as we investigate polarization conversion in a different spectral range. We further use polarizabilities normalized at the resonance frequency, hence with a constant amplitude |α L,i (ω sp,i )| = 1, independent of the arm length. The resonance frequencies of an antenna arm being denoted ω sp,i , we have for instance for particle (1): and
T A similar equation holds for particle (2) , where the longitudinal polarizability α L,2 is aligned along (OY).
In the framework of the field susceptibility formalism, the self-consistent electric field in particles (1) and (2) is connected to the incident E-field E 0 (r, ω) by the following equations: 

In these equations,  ω ′ r r ( , , ) is the Green dyadic function which relates the electric field E(r, ω) induced at r by a dipole p(r′ , ω) located at r′ by the following equation:
The separation between two nanoantennas being much smaller than the optical wavelength, we only take into account the near-field contribution to the Green Dyadic tensor: 
as well as a coupling constant normalized to the polarizability at resonance C = K|α L,1 (ω sp,1 )|, the latter being dimensionless in CGS units. The total induced dipole can be deduced from the total electric field on each antenna arm: The self-consistent electric fields E i (r i , ω) are obtained using a matrix formalism as presented in the Methods section. In the (XY) plane, the components of the total induced dipole parallel (P t , ) and perpendicular (P t,⊥ ) to the polarization of the incident wave are:
where for clarity the dependence on ω was omitted in the expression of the polarizabilities α L,1 and α L,2 and ϕ is the angle between the polarization of the incident electric field and the (OX) axis (See Fig. 1a ). The intensity scattered with either polarization is proportional to the square of the modulus of the corresponding total dipole component. The polarization conversion efficiency →⊥ e can then be calculated as the ratio of the intensities of the P t,⊥ and P t , components of P t (ω):
Case of orthogonal antennas with identical arm lengths. Polarization conversion in symmetric L-shape antennas has been discussed into detail in Black et al. 6 both in the capacitive and conductive coupling regimes. Their optical response is characterized by two orthogonally polarized, bright plasmon resonances. The high energy mode, called antibonding (noted A), is polarized at 45° whereas the low-energy bonding mode (noted B) is polarized at 135° with respect to the antenna axes. Light incident along these principal axes does not undergo polarization conversion. Excitation along either the horizontal (OX) or vertical (OY) axes sets up a superposition of the principal A and B modes, resulting in polarization conversion in a region of the spectrum in-between the two modes where these have an unequal phase. In the two-oscillator model presented in ref. 6 , an ad-hoc oscillator was associated to each eigenmode of the coupled system. On the contrary, in the analytical model presented here, the eigenfrequencies are not an input but an output of the model. The analytical model thus accounts both for the hybridization into antibonding and bonding modes and for the polarization conversion in symmetric L-shaped antennas in a self-consistent manner.
For an optical excitation polarized along (OX), the components of the total dipole moment induced are given by
while an excitation along (OY) gives
The polarization conversion efficiencies in both cases follow as:
For uncoupled antennas, K = 0 and the total dipole on the nanostructure has no component along the direction orthogonal to the incident polarization and therefore no polarization conversion is possible. As expected for a near-field effect, the polarization conversion efficiency is proportional to K 2 ∝ 1/d 6 . For weak couplings, only a very small spectral splitting and a weak polarization conversion are observed (Fig. 1b) . For stronger couplings, two resonances appear in |P t,YY (ω)| 2 ( Fig. 1c) , where the resonance at high energy is the A mode whereas the low energy-mode is the B mode. The intensity |P t,YX (ω)| 2 scattered with a polarization perpendicular to the optical excitation, reaches a maximum intensity between the two eigenmodes. In this spectral range, the oscillation of the two eigenmodes is dephased: an incident wave polarized along Y induces two dipole moments with opposite phases at 45° and 135° and the resulting interference is polarized along X. Whereas the dephasing between the eigenmodes becomes closer to π when their spectral splitting increases, the intensity scattered along (OX) in this case is expected to remain very small as it is not possible to excite effectively both resonances. The results of the hybridization model are in excellent agreement with the full electrodynamical simulations presented below and with the experimental results given in ref. 6 .
Case of orthogonal antennas with different arm lengths.
The two-oscillator model predicts a polarization conversion based on the phase difference of two resonances at different wavelengths. Apart from hybridization through strong coupling, a similar wavelength splitting can be obtained by introducing a structural asymmetry in the antenna by changing the length of one of the nanorods in the dimer.
We now apply the analytical model to the general case of orthogonal antennas with arms of different lengths. We consider that one arm has a fixed resonance wavelength λ sp,1 = 1000 nm while the second arm has a resonance at a variable λ sp,2 . In the coupled dipole model we define the asymmetry ratio by these wavelengths, namely λ sp,2 /λ sp, 1 . In order to excite the longitudinal modes of both arms simultaneously, an excitation along 45° or 135° seems adequate in the asymmetric case. Similar to conversion from (OY) to (OX), we can calculate the efficiency for conversion from an incident polarization along the directions of the hybridized antibonding (A: 45°) and bonding (B: 135°) modes of a symmetric antenna (see Fig. 1a ). For A-polarized incidence this yields
and for B-polarized incidence we get
From this we obtain the following A → B and B → A conversion efficiencies:
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Figure 1(d-f) shows spectra for uncoupled asymmetric dimers with increasing wavelength splittings of comparable strength like in the coupled symmetric case in Fig. 1c . The antennas are driven along 135° (pink, "B"), hence the polarization conversion is along 45° (green, "A"). As expected from the two-oscillator model, PC occurs in the spectral range between the two resonances, similarly to the symmetric antennas. In the following we analyze this case into more detail, and we will be showing that the interplay between asymmetry and coupling always results in a reduced polarization conversion efficiency, if driving the coupled antennas with a polarization along one of the antenna arms.
In Figure 2 , we compute the intensity scattered with polarization either along either (OY) (a) Fig. 2b ) as a function of the asymmetry ratio λ sp,2 /λ sp,1 . Figure 2 (a) shows that I YY mainly follows the resonance of the vertical arm for large asymmetry, while near λ sp,2 /λ sp,1 = 1 it shows a splitting corresponding to the hybridization with the horizontal nanorod. The eigenfrequencies of the coupled system display an anti-crossing behaviour, typical of a system of two coupled oscillators. The intensity scattered along (OX), shown in Fig. 2(b) , increases when the two resonances overlap and decreases drastically as their spectral overlap is reduced.
From the spectral dependence of (b), the maximum PC intensity I YX can be extracted. Let us now analyze the case of excitation polarized along the direction of the bonding mode of symmetric antennas (135°). Figure 2(e) shows the polarization conserving component P t,BB , which yields the strongest scattering (I BB ) for a resonant excitation of the bonding mode for asymmetry ratios around 1. Away from the symmetric condition, the intensity contribution of the individual nanorod resonances becomes visible as the effect of hybridization is reduced when the modes do not spectrally overlap each other. The intensity scattered with orthogonal polarization I BA = |P t,BA | 2 , shown in Fig. 2(f) , reaches its highest values away from the symmetric condition and if the system is excited close to one of the resonance wavelengths λ sp,1 and λ sp,2 . The parametric map (Fig. 2(g) ) shows a significant B → A polarization conversion away from the symmetric configuration and for intermediate asymmetry ratios around 0.85 and 1.2. As discussed above, the B → A configuration does not allow any polarization conversion in the case of symmetric antennas as it corresponds to the excitation of a pure eigenmode.
At the highest polarization conversion intensity however, for both BA as well as YX conversion, the degree of polarization (DOP), defined as is close to zero, as shown in Fig. 2(d,h) . This means that concurrently to the polarization converted scattering I ⊥ a large amount of scattering I is generated with polarization parallel to the optical excitation. This is indicative of the fact that in all cases, maximum PC intensity requires efficient in-and out-coupling of the optical excitation into both resonances under simultaneous satisfaction of the proper phase relation 6 . For larger splittings, the DOP further increases, however the coupling efficiency to the modes is reduced as the mode splitting increases beyond the resonance linewidth. Both in the symmetric as well as asymmetric case we observe beyond this optimum that a further increase in PC efficiency comes with a decrease of the cross-polarized scattering intensity.
Transition between hybridization-mediated and asymmetry-mediated polarization conversion. The results from Fig. 2 show the general trend that strongly coupled symmetric antennas allow polarization conversion in the XY basis whereas asymmetric antennas without coupling are best suited for PC in the AB directions. However, the parameter maps of Fig. 2 are computed in fixed polarization conditions. These do not take into account the fact that the basis of eigenmodes tilts when combining asymmetry and coupling. To explore this effect further, we investigate the intermediate regime and the transition between the two limiting cases by solving the principal axes in presence of both, asymmetry and coupling. In Fig. 3 , we identify for different geometries the polarization angles ϕ PC yielding the largest PC efficiency →⊥ e at the wavelength of maximum PC. Figure 3(a) shows the angles of maximum →⊥ e obtained for the symmetric antenna λ 2 /λ 1 = 1.0. Corresponding polar plots at five selected values of the coupling strength C, shown in Fig. 3(b,c) , give the parallel and PC intensities I and I ⊥ (b) and the PC efficiency (c).
In the symmetric case of Fig. 3(b) , scattering with conserved polarization I has maxima at 45° and 135° which correspond to the directions of the pure eigenmodes A and B. Conversely, the cross-polarized scattering I ⊥ is maximum for X and Y incident polarizations. The maxima in PC efficiency, shown in Fig. 3a ,c, are aligned with the X and Y axis for weak coupling. Due to the highly asymmetric intensities for bonding and antibonding excitation at increasing coupling strength, the angles of maximum PC efficiency →⊥ e in Fig. 3 (d) become slightly offset with respect to the X/Y directions for large couplings, but always remain close to 0° and 90°.
The case of structural asymmetry is illustrated in Fig. 3(d-f) for an antenna with resonance wavelength ratio λ 2 /λ 1 = 1.2. In absence of coupling, the pure eigenmodes of this system are now along the X/Y directions. The maximum intensity of polarization conversion is obtained without any coupling for incident polarizations close to the A/B directions as can be seen in Fig. 3(d) . Increasing the coupling between the antennas introduces mode hybridization, which gradually tilts the eigenmode angles toward the A/B directions for strongly coupled antennas. As a consequence, the directions of maximum PC efficiency are gradually tilted towards the X/Y basis. Both the maximum cross-polarized intensity I ⊥ in Fig. 3(e) and the PC efficiency →⊥ e in Fig. 3 (f) follow this trend. We note that, whereas the cross-polarized intensity patterns have a perfect four-fold symmetry, the two angles of maximum PC efficiency are generally skewed and not perpendicular to each other due to the asymmetry in the eigenmode intensities contributing to I .
Note that the PC intensities in Fig. 3(a) and (d) are of similar magnitude, with a slightly larger value in the symmetric case. Thus, it appears that the combination of asymmetry and coupling does not increase the PC efficiency beyond the case of strong coupling in symmetric dimers. This conclusion supports the trends in the parameter maps of Fig. 2(c,g ) which were taken at fixed polarizations. In the following, we perform optical spectroscopy experiments on individual antennas and compare our measurements with the results of the analytical model as well as with electro-dynamical simulations.
Single particle optical spectroscopy experiments
Orthogonal gold dimer antennas of 30 nm thickness were fabricated using electron beam lithography following methods described in ref. 6 . The antennas consist of two perpendicular metallic rods of lengths L 1 and L 2 separated by a gap of width g. Figure 4a shows Scanning Electron Microscopy (SEM) images of selected antennas, corresponding to the case where the horizontal nanorod length was kept fixed at L 1 = 230 nm, while the vertical nanorod length L 2 was varied to 180 nm, 230 nm, 280 nm, and 330 nm. All nanorods have a fixed width of 120 nm.
Quantitative measurements of the scattering cross-sections for different polarizations were obtained using Spatial Modulation Spectroscopy 6 . To investigate the effect of different incident polarizations, intensities in the parallel and perpendicular scattering polarizations were determined in both the (X, Y) and (A, B) basis. Figure 4b shows experimental cross sections for orthogonal antennas with a gap of 95 nm, while results for antennas with a gap of 29 nm are shown in Fig. 4f . The antenna size parameters correspond to those of Fig. 4a , as labelled by the colored frames. The parallel polarized scattering cross sections are labelled as σ XX , σ YY , σ AA , and σ BB , where the first subscript represents the incident polarization and the second the detection polarization.
To interpret these results and go beyond the analytical model, we perform numerical simulations using the Green Dyadic Method (GDM) 27, 28 for which the dielectric response of gold was taken from Johnson and Christy 29 . The GDM simulation technique relies on a volume discretization of the nanostructure into a collection of polarizable entities placed on a cubic lattice. The method allows the computation of a generalized field propagator to describe the near-field and far-field optical response of nanostructures of arbitrary shapes placed in complex environments [30] [31] [32] . The knowledge of this generalized propagator allows computing the electric field and polarization induced inside the nanostructure by any type of illumination 27, 28 . The energy radiated in the far-field inside the solid angle defined by the collecting optics is then computed from the polarization distribution created inside the nano-antennas. The contribution from the substrate, which was not taken into account in the analytical model, is fully taken into account by adding to the field-susceptibility of vacuum an additional term accounting for the contribution of the substrate 28, 33 . A mesh step of 7 nm is used throughout this study, yielding typically between 6000 and 9000 dipoles for a structure. Figure 4c and g shows results from GDM simulations using the experimental parameters. For large antenna gaps, the arms are only weakly coupled and excitation along X and Y polarizations results in excitation of the longitudinal modes of the individual nanorods. The experimental and calculated σ YY spectra both show optical resonances with wavelengths increasing from 1.0 μm to 1.6 μm as the vertical antenna length is increased from 180 nm to 330 nm. For completely uncoupled arms, excitation along A and B polarizations result in equal superpositions of the individual arm modes. With increasing coupling, the antenna arms are hybridized resulting in a difference between the σ AA and σ BB spectra. For both gaps under study, the A and B modes are different both in the experiment and the GDM model showing that coupling already exists for the largest gaps under study. However, for the smallest gaps the coupling is increased and the difference between σ AA and σ BB is pronounced. In this case, the long wavelength resonance is only present for illumination along the B-polarization.
Next to spectra taken at parallel polarizations, polarization conversion results in scattering cross sections in the perpendicular polarization direction. Figure 4d ,e shows measured and simulated PC spectra for the cases of σ YX and σ BA with large gap. For weakly coupled arms, the Y → X PC results in overall low intensities for the different components. For the X → Y PC, the analytical model of Fig. 3 predicts zero intensity in absence of coupling. The remaining scattering intensity in the σ YX PC is a result of the finite amount of coupling for these relatively large gaps. In comparison, B → A PC results in much higher intensities for the asymmetric antennas, consistent with the theoretical model calculations of Fig. 4e . Only for the symmetric case (red curve) σ BA is very low, confirming the results of our analytical model. Results of the PC for more strongly coupled antenna arms are presented in Fig. 4h ,i. The increased coupling strength results in a significant increase of the PC intensity in the Y → X direction for all antennas.
Qualitatively good agreement is obtained between the trends observed in the experimental and calculated spectra. Some differences can be attributed to the intrinsic variation of single-antenna experiments, while generally the calculated resonances are somewhat narrower and more defined than the experimental antenna resonances. We point out a systematic inaccuracy in the absolute cross sections of around a factor 2, which is similar to the level of agreement found in earlier works 6 and which may reflect some inaccuracy in the assumptions underlying the calibration. However, relative magnitudes between antennas are in agreement and are not influenced by a systematic offset.
To further assess the agreement between experiment, numerical model and analytical theory, we compare in Fig. 5a illustrate the resonance splittings obtained using the analytical model calculations for coupling coefficients C = 1.5 (red) and 7.0 (magenta). As expected for a coupled oscillator system, a stronger coupling, increases the spectral splitting between the antenna eigenmodes. The variation of λ/λ sp,1 with λ sp,2 /λ sp,1 can be accurately reproduced by the analytical model for a coupling strength of C = 1.5. Figure 5d shows results from the analytical model of Section 1, which was refined by scaling the polarizability α 2 proportional to the antenna length (i.e. the particle volume). This refinement was made to improve the agreement with the experimental geometry where the increased antenna length results in an increased resonance cross section. The analytical theory of Fig. 5d and the numerical model of Fig. 5c show good agreement in the observed trends. The experimental results show global trends that confirm the model, within the uncertainty given by the complexity of single-antenna experiments as seen in Fig. 4 .
The difference between (B → A) and (Y → X) PC with L 2 /L 1 ratio is clearly illustrated and confirms the validity of the PC model for antennas combining anisotropy and coupling. The numerical simulations clearly demonstrate that the maximum σ YX is in all cases obtained for symmetric antennas. In comparison, PC along the B → A is zero for the symmetric case and increases strongly for asymmetric antennas. When coupling is introduced to the antennas, the B → A conversion becomes weaker while the Y → X conversion increases. This behaviour is in perfect agreement with the theoretical considerations in the context of our analytical model, reflecting the fact of antenna-mode driven polarization conversion for asymmetric antennas (B → A) and PC induced by mode hybridization due to coupling in the symmetric case (Y → X).
Conclusion
In conclusion, we have investigated polarization conversion in plasmonic dimer nanoantennas. Using an analytical model for two coupled dipolar antennas based on field susceptibilities we showed, that polarization conversion efficiency can be tuned by carefully adjusting the asymmetry and coupling, both having an impact on the spectral splitting between the two arms, either by a simple change in the resonance frequency of the antenna arms or by hybridization of the modes due to coupling. In the case of coupled symmetric antennas, polarization conversion is most efficient along the X and Y directions and does not occur along the bonding and anti-bonding modes. Uncoupled asymmetric antennas, on the other hand, show efficient PC for incident polarizations along the diagonal directions corresponding to 45° and 135°. Finally we found, that by introducing coupling to asymmetric antennas, the angles of highest PC efficiency are tilted. These results indicate that it is possible to control the scattering from L-shape antennas both via their structural morphology and interparticle interactions. The dependencies upon antenna morphology, excitation wavelength and polarization can be faithfully captured by a simple analytical model. Optical spectroscopy experiments performed on individual antennas are in good agreement with this model and with electrodynamical simulations based on the Green Dyadic Method. Our results show that optimal polarization conversion is obtained in the case of symmetrical antennas. They provide useful design rules for integration of these nanostructures in phase-discontinuity surfaces for applications like flat lenses or spiral waveplates.
Methods
Analytical two-oscillator model. The coupled set of equations is solved in the following way. Equations (5) and (6) (resp.  ω ω ω = E r E r ( ) { ( , ), ( , )} 0 1 0 2 0 ) containing the total (resp. incident) electric field at the two particle locations. The complete linear system now takes the form: 

It can be noted from equation 26 that the magnitude of the electromagnetic coupling between the antenna arms depends upon the product of K by the polarizabilities. Therefore, in the following, we define the coupling constant C = K|α L,1 (ω sp,1 )|). C is dimensionless as the polarizabilities are homogeneous to a volume (CGS units).
In the following, we focus on a spectral range far from the transverse resonance of the antenna arms and therefore assume that α T (ω) = 0.  ω r r ( , , ) 
